The molecular basis for the inviability of dam-3 recA200(Ts) and dam-3 recB270(Ts) cells was studied. The dam-3 recA200(Ts) cells were inviable in yeast extract-nutrient broth or in minimal medium at 42°C. Although the dam-3 recB270(Ts) cells were inviable in yeast extract-nutrient broth at 42°C, they were viable at 42°C in minimal medium, in which the high salt content suppresses the mutant phenotype caused by the recB270(Ts) mutation at 42°C. Under the growth conditions rendering dam rec cells inviable, the cells accumulated double-strand breaks in their DNA. Introduction of a mutL or mutS mutation restored the viability of dam-3 recB270(Ts) cells grown in yeast extract-nutrient broth at 42°C and eliminated the formation of DNA double-strand breaks in these cells. We conclude that the inability to repair DNA double-strand breaks produced by the mismatch repair process accounts for the inviability of the dam recA and dam recB cells.
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The dam gene of Escherichia coli K-12 codes for DNA adenine methylase (10) , which methylates -GATC-sequences in newly replicated daughter strands of DNA (5, 9) . The dam mutant lacks DNA adenine methylase activity and displays a pleiotropic phenotype that includes increased spontaneous mutation rates, increased levels of recombination, and increased sensitivities to base analogs, alkylating agents, and UV radiation (2, 12) . It has been suggested that DNA methylation may serve as one possible means of discriminating between parental strands (methylated) and daughter strands (unmethylated), so that the mismatch repair system can excise mismatched bases exclusively from the unmethylated DNA strands (see reference 15 for a review).
Double mutants of dam recA, dam recB, dam lexA, and dam polA are apparently inviable (11) (12) (13) . However, the inviability of dam recA and dam recB cells can be suppressed by an additional mutation affecting mismatch repair, i.e., mutH, mutL, or mutS (4, 13) , indicating that some action of the mismatch repair process is responsible for the lethal events in these double mutants. It has been suggested that DNA double-strand breaks may be produced in dam mutants by the operation of mismatch repair (4, 15) . The formation of double-strand breaks in DNA is expected to be a lethal event in recA and recB cells, since these strains are deficient in the repair of DNA double-strand breaks (8, 19) . Therefore, we have investigated whether the lethality of dam rec cells is due to an enhanced production of unrepairable DNA double-strand breaks and whether this production can be prevented by mutations that block mismatch repair.
The bacterial strains used in this work are listed in Table  1 . The recA200 and recB270 mutants are temperature sensitive, i.e., they exhibit the Rec-phenotype at 42°C. Since a number of E. coli mutants are known to be inviable on complex growth medium but not on minimal growth medium (6, 17) , the effect of growth medium on the viability of the dam-3 recA200(Ts) and dam-3 recB270(Ts) strains was examined. The cells were grown to logarithmic phase at 30°C in minimal medium (18) supplemented with histidine, leucine, * Corresponding author.
arginine, proline, methionine, and threonine at 1 mM each and with thymine at 10 ,uwg/ml. The ability of the cells to form colonies at 42 versus 30°C was tested on the same minimal medium solidified with 1.6% Noble agar (Difco Laboratories) and on 0.75% Difco yeast extract, 0.8% Difco nutrient broth, and 1.6% Difco Noble agar plates. When the colonyforming ability was assayed on yeast extract-nutrient broth agar, the dam-3 recA200(Ts) and dam-3 recB270(Ts) double mutants had a much reduced ability (103-to 104-fold) to form colonies at 42°C compared with those incubated at 30°C ( Table 2 ). The dam-3, recA200(Ts), and recB270(Ts) single mutants had only a slightly reduced ability to form colonies at 42°C compared with those incubated at 30°C. These results confirm the observations of McGraw and Marinus (13) and indicate that dam recA and dam recB cells are inviable when grown in complex growth medium (brain heart infusion agar was used by these authors). However, when the colony-forming ability was assayed on minimal medium, we observed that only the dam-3 recA200(Ts) cells showed a reduced survival at 42 compared with 30°C; the dam-3 recB270(Ts) cells and the single mutants all had similar colony-forming ability at 42 and 30°C (Table 2) .
A comparison of the composition of the two media suggested that the viability of dam-3 recB270(Ts) cells grown in minimal medium at 42°C may be due to the presence of salts, glucose, or both in the minimal medium; the absence of extra nutrients that are present in yeast extract-nutrient broth; or both. The addition of glucose to yeast extract-ntitrient broth agar had no effect on inviability at 42°C, but the addition of NaCl at 0.1 M to yeast extract-nutrient broth agar was sufficient to restore the viability of dam-3 recB270(Ts) cells grown at 42°C. The presence of NaCl appeared to suppress the mutant phenotype caused by the recB270(Ts) mutation at (Fig. 1) . However, when the cells were incubated at 42°C in yeast extractnutrient broth, the dam recB cells accumulated doublestrand breaks in their DNA, but the dam and recB single mutants and the dam recB mutL triple mutant did not (Fig.  1) . The dam recA cells, whether incubated in yeast extractnutrient broth or in minimal medium, accumulated DNA double-strand breaks at 42°C, and this accumulation was accompanied by extensive DNA degradation, i.e., greater than 60% of the 3H-labeled DNA was degraded to acidsoluble products by 3 h of incubation at 42°C (data not shown). Therefore, under the growth conditions that rendered the dam rec double mutants inviable, they accumulated DNA double-strand breaks. These results suggest that it is the formation of DNA double-strand breaks plus the a Cells were grown in minimal medium at 30°C to logarithmic phase, diluted, and plated on minimal medium and yeast extract-nutrient broth plates. One set of plates was incubated at 30°C, and the other was plated at 42°C for 24 to 48 h before being scored for CFU. All cultures had the same CFU on the two media when incubation was at 30°C. failure to repair these breaks that accounts for the inviability in dam rec cells.
The formation of DNA double-strand breaks in dam mutants can be attributed to the mismatch repair process, since mutations in mutL and mutS suppress the accumulation of DNA double-strand breaks (Fig. 1) and the inviability of dam recB cells (Table 2) . Radman and Wagner (15) suggested that double-strand breaks should be produced by the mismatch repair system operating on the unmethylated DNA of dam cells either as a result of simultaneous attack on both strands at a single mismatch or as a result of overlapping excision events on opposite strands at two relatively close mismatches. Alternatively, when a gap produced by mismatch excision is not promptly repaired, it may expose the single-stranded DNA opposite the gap to attack by single-strand DNA endonucleases, thereby producing a DNA double-strand break, as we have observed for unrepaired DNA daughter strand gaps (19, 21) .
Another factor determining the viability of dam mutants is the ability to repair DNA double-strand breaks, which is known to require functional recA (8) , recB (19) , and recN (14) genes. The failure to detect an accumulation of DNA double-strand breaks in the dam single mutant (Fig. 1) and the fact that dam cells are viable suggest that the infrequent DNA double-strand breaks produced in dam mutants are repaired. In support of this conclusion is the observation that the inviability of dam recB(C) cells can also be suppressed by an sbcB mutation (13) . The sbcB mutation has been shown to restore the ability of recB recC cells to repair DNA double-strand breaks (20) .
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